ABSTRACT The compatible interaction between virulent Hessian ßy, Mayetiola destructor (Say), larvae and susceptible wheat, Triticum aestivum L., plants was investigated at the light microscope and ultrastructural levels. During the Þrst day of larval attack at the base of the sheath of the third leaf of a wheat seedling, small punctures of the appropriate size (0.1 m in diameter) and spacing of the paired larval mandibles were found in the outer wall of epidermal cells. Inside epidermal cells, nuclei and cytoplasmic organelles seemed to be breaking down, and the number and size of cytoplasmic vacuoles had increased. Two to 3 d later, epidermal and mesophyll cells at the base of the third leaf showed signs of becoming nutritive. Nutritive cells were identiÞed by an increase in cytoplasmic staining, increased numbers of cellular organelles (mitochondria, proplastids, Golgi, and rough endoplasmic reticulum), numerous small vacuoles, and an irregularly shaped nucleus. The Hessian ßy nutritive tissue probably acts as a sink tissue within the wheat seedling, beneÞting the growth of larvae by importing photoassimilates. Breakdown of nutritive cells began soon after they were Þrst observed, indicated by a change in the shape and density of the cell nucleus. Contents of nutritive cells moved through compromised cell walls into adjacent cells that had a more complete breakdown and loss of cytoplasm. Structural changes were not restricted to the third leaf. The sixth leaf, a leaf more recently initiated by the shoot apical meristem that was not directly fed upon by larvae, was found to consist primarily of well-developed epidermal layers, with poorly developed mesophyll cells. The implications of these Þndings for understanding incompatible interactions between avirulent Hessian ßy larvae and R gene-defended plants are brießy discussed.
PLANT RESISTANCE MEDIATED BY R genes has been the focus of many studies in the plant sciences, entomology, nematology, and plant pathology (Smith 1989 , Poehlman and Sleper 1995 , Agrios 1997 , Williamson 1999 , Kaloshian 2004 ). Basic scientists study R genes because they provide a relatively simple entry point for studying evolution, genetics, and the molecular basis of plant defense. Applied scientists study R genes because single-gene resistance is easier to transfer to elite cultivars than multigene resistance.
R gene plant interactions with parasites were Þrst described by the gene-for-gene model presented by Flor (1946) . For dominant gene-for-gene interactions, the R gene is thought to control an important and early step in the recognition of the parasiteÕs presence on the plant (Keen 1990 , Staskawicz et al. 1995 . This "recognition" may occur via indirect (e.g., the guard hypothesis) or direct molecular interaction between the R gene product and the gene product of the corresponding parasite avr gene (Nimchuk et al. 2003) . avr gene mutations may arise that reduce the production or alter the amino acid sequence of the encoded protein. Early recognition of the parasiteÕs presence fails, plant defense is either not triggered or not triggered fast enough, and plant resistance is ineffective.
R gene-mediated plant defense seems to be less common for insectÐplant interactions than for pathogenÐplant interactions (Yencho et al. 2000 , Berzonsky et al. 2003 , Kaloshian 2004 . Most R genes for defense against insects involve insect species that feed on plant ßuids (e.g., aphids, planthoppers, and gall midges) and are relatively sedentary during feeding stages. Many insectÐplant interactions involving R genes occur in important crop plants, e.g., wheat and rice, and involve important insect pests of these crops. For many of these interactions, R genes deployed singly in elite cultivars have provided effective control of pest insects, with one R gene simply replaced by another when insect adaptation occurs (Berzonsky et al. 2003) . R gene resistance is also of interest because it provides a model for the deployment of insect-resistance genes in genetically modiÞed crops (Gould 1998) .
We study one of the best-known insectÐplant interactions involving avr genes and R genes: interactions between the Hessian ßy, Mayetiola destructor (Say), and wheat, Triticum aestivum L. The Hessian ßy is a serious pest in North America, the Mediterranean region, and southwestern Asia (Berzonsky et al. 2003) . As in plant pathology (Agrios 1997) , interactions are characterized as compatible when the virulent Hessian ßy larva successfully establishes a feeding site and incompatible when the avirulent larva fails to establish a feeding site and dies. For host plant species of the Hessian ßy (e.g., wheat and rye), many incompatible interactions between Hessian ßy and speciÞc plant genotypes are known to be conditioned by dominant or partially dominant alleles of major resistance loci, designated H1-H32 (Ratcliffe and Hatchett 1997 , Berzonsky et al. 2003 , McIntosh et al. 2003 . Virulence on R gene host plants results from mutations in Hessian ßy avr genes (reviewed in Harris et al. 2003) and has a dramatic and easily quantiÞable effect, i.e., the virulent larva is able to successfully parasitize the R gene plant. Hessian ßy avr genes, as well as grass R genes, have been the subjects of classical genetic studies for Ͼ50 yr and the molecular basis of these interactions is now being studied by insect and plant molecular biologists (Zantoko and Shukle 1997 , Schulte et al. 1999 , Rider et al. 2002 , Williams et al. 2002 , Puthoff et al. 2005 .
Recently, it has been argued that compatible interactions between plants and their parasites deserve more attention (Karban and Agrawal 2002, Panstruga 2003) . Understanding the compatible interaction includes understanding parasite offensive traitsÑtraits that allow the parasite to Þnd and recognize the plant, avoid the plantÕs surveillance systems, overcome preformed and induced physical and biochemical barriers, manipulate the plantÕs physiology, and harvest plant nutrients. Once the compatible interaction is understood, it should be easier to understand how the plant prevents the compatible interaction, i.e., plant defense.
Precisely what happens during the compatible interaction between a virulent Hessian ßy larva and a susceptible host plant is not known. After the Þrst instar Hessian ßy ecloses from an egg oviposited on the leaf blade, it moves down the leaf blade to a protected site at the base of the leaf, attacking the abaxial surface of the leaf sheath of one of the plantÕs youngest leaves (McColloch and Yuasa 1917) . If the plant is not suitable, the larva cannot move to another plant. Hatchett et al. (1990) studied the highly specialized Hessian ßy larval mouthparts and suggested that Þrst instars inject salivary substances into plant cells. Feeding occurs during two instars for a total of 10 Ð14 d, with the greatest intake of plant ßuids occurring on the Þfth day, before the larva molts to the second instar (Gallun and Langston 1963, Gagné and Hatchett 1989) . The second instar lacks the creeping pads of the Þrst instar and therefore cannot move on the leaf surface. Successful establishment of Hessian ßy larvae is associated with growth deÞcits in the leaves of the wheat seedling that are being initiated or still growing or when larval attack begins (Harris et al. 2006) .
Here, we present results of microscopy studies of the compatible interaction between virulent Hessian ßy larvae and the susceptible wheat genotype ÔNew-tonÕ. In our studies, we addressed four hypotheses. The Þrst hypothesis, that Þrst instars of Hessian ßy use their highly specialized paired mandibles to attack plant cells, came from previously mentioned studies of Hessian ßy larval mouthparts (Hatchett et al. 1990 ). The second hypothesis that attack by virulent Hessian ßy larvae is associated with creation of a nutritive tissue came from studies of gall-forming cecidomyiid larvae known to create nutritive tissue within galls (Bronner 1992 , Rohfritsch 2005 . The third hypothesis, that Hessian ßy larvae can harvest cells in the nutritive tissue by sucking because plant cell contents breakdown and move through cell walls, came from studies of Hessian ßy larval feeding behavior (Refai et al. 1956 ) and suggestions made by scientists studying gall-forming cecidomyiids (Heath 1961 , Bronner 1992 . The fourth hypothesis, that younger leaves internal to the leaf directly attacked by larvae exhibit abnormal development, came from studies showing that the growth of younger leaves is stunted (Harris et al. 2006 ) and discussions of the sink effects of nutritive tissues (Bronner 1992 , Rohfritsch 1992 ).
Materials and Methods
Plants were grown under controlled conditions (20 Ϯ 1ЊC and photoperiod of 16:8 [L:D]) in a Conviron E8 plant growth chamber (Conviron, Winnipeg, Manitoba, Canada) to the two-leaf stage and infested with ÔGreat PlainsÕ biotype (Berzonsky et al. 2003) . The wheat genotype was ÔNewtonÕ, a hard red winter wheat that is susceptible to all known biotypes of the Hessian ßy. Each individual two-leaf seedling was exposed to a single ovipositing female Hessian ßy between 1200 and 1400 hours (Harris and Rose 1991) until the required numbers of eggs (Ϸ20 Ð50) were oviposited on the second leaf. More than 50 Hessian ßy larvae can survive and grow on a single wheat seedling (Withers et al. 1997) . Females lay up to 200 eggs in a 2-h period, and each female was used to infest only one plant; therefore, each plant was a true replicate. Eggs were checked under the microscope and plants returned to the environmental chamber. Three days later at 1700 hours, larvae started eclosing. Peak eclosion occurred between 2300 and 0700 hours (M.O.H. and K.G.A, unpublished data). Migration from eclosion sites on the leaf blade to feeding sites at the base of the plant takes 4 Ð12 h (McColloch and Yuasa 1917) . At the time of initial larval attack, the Þrst and second leaves were fully grown, but the third leaf had just emerged from the leaf sheath, and, in plants without larvae, would grow another 10 Ð15 cm. Hessian ßy voucher specimens have been deposited in the North Dakota State Insect Reference Collection, Fargo, ND.
For microscopy, 10 susceptible Newton plants occupied by Hessian ßy larvae were compared with 10 control Newton plants that were free of larvae. Plants were destructively sampled starting on the Þrst day of larval attack with the Þnal samples taken 8 d postattack. This process was repeated at least four times. For scanning electron microscopy (SEM) and transmission electron microscopy (TEM), a 1-cm region of the leaf, just above the shoot apical meristem, was sampled. For SEM, samples were Þxed in 2.5% glutaraldehyde in phosphate buffer, pH 7.4, at room temperature for at least 4 h, dehydrated in an ethanol series (30 Ð100%), and critical-point dried (model Autosamdri 810, Tousimis, Rockville, MD). Dried specimens were attached to aluminum mounts with silver paint or carbon tape and sputter coated with Au or Au/Pd (model SCD030, Balzer, Liechtenstein) before examination by scanning electron microscope (model 6300, JEOL, Peabody, MA). For TEM, samples were Þxed in 2.5% glutaraldehyde in phosphate buffer, pH 7.4, for 2 h or longer, postÞxed in 2% osmium tetroxide for 4 h, and dehydrated in a graded acetone series (30 Ð100%). The samples were enbloc stained in 70% acetone saturated with uranyl acetate during dehydration, embedded in Epon-Araldite epoxy resin, sectioned to a thickness of 600 Ð 800 Å by using a ultramicrotome (model MTXL, RMC, Phoenix, AZ), stained in 2% lead citrate for 2 to 3 min, and then examined using transmission electron microscope (model JEM-100CX, JEOL). Thick sections (1 to 2 m) were stained with toluidine blue and examined using a compound light microscope (Eclipse E600, Nikon, Melville, NY) equipped with a confocal unit (Carv, Melville, NY).
Results
Ultrastructural changes did not occur in all cells/ plants at the same rate; therefore, these changes are described on a developmental basis rather than on a strict time sequence. Times when tissue samples were taken are included as a general reference point. We observed only those ultrastructural changes that occurred at the leaf base within Ϸ1 cm of the shoot apex.
The paired mandibles of Þrst instars of Hessian ßy are very small (Figs. 1 and 2), only a few micrometers in length and Ͻ0.1 m in diameter (Hatchett et al. 1990) . During the Þrst day of larval attack, small paired punctures (Fig. 3 ) of the appropriate size and spacing of larval mandibles were evident on the abaxial surface of the third leaf. At this time, we also observed ruptures of the epidermal wall (4 Ð10 m in diameter), such as the larger hole next to the paired punctures shown in Fig. 3 . Two days later, even larger holes were observed in outer epidermal cell walls (Fig. 4) . In control plants without larvae, the outer surfaces of the cell walls of abaxial epidermal cells showed neither punctures nor ruptures (Fig. 5) . The Þrst ultrastructural changes we found in plants attacked by larvae were observed in a small number of epidermal cells 2 d after larvae initiated their attack. Compared with epidermal cells of control plants without larvae (Fig. 6 ), epidermal cells of larval-infested plants showed evidence of nuclear breakdown, cytoplasmic organelle degradation, and an increase in the number and size of vacuoles (Fig. 7) . Other epidermal cells showed ruptures of the plasma membrane and outer epidermal wall (Figs. 8 and 9), with cytoplasmic materials released onto the surface of the third leaf.
Two to 3 d after initial larval attack, epidermal and mesophyll cells at the base of the third leaf showed signs of becoming nutritive (Fig. 10) . Nutritive cells were identiÞed by an increase in cytoplasmic staining, increased numbers of cellular organelles (mitochondria, proplastids, Golgi, and rough endoplasmic reticulum), numerous small vacuoles, and an irregularly shaped nucleus. Epidermal cells on the abaxial leaf surface were the Þrst to become nutritive (Figs. 10 and 11), followed by cells in the mesophyll (Fig. 12) .
The Þrst evidence of breakdown of nutritive cells in the epidermal and mesophyll tissue was seen soon after nutritive cells were Þrst observed (Fig. 13) . One of the Þrst indications of nutritive cell breakdown was a change in shape and density of the nuclear material. The membrane around the irregularly shaped nucleus became deeply ßuted or invaginated (Fig. 13 ) frequently with a notable increase in chromatin stainability (compared with early stage nutritive cells). Cytoplasmic degradation and cell breakdown followed. Across the nutritive tissue, the rate of cell breakdown was variable rather than coordinated.
Before rupturing and releasing their contents, nutritive cells exhibited changes in their cell walls. Epidermal nutritive cells that still retained some of their cellular contents showed thinner walls in some locations (Fig. 14) . Epidermal cells that had lost most of their contents showed thin walls throughout (Fig. 15) . Other changes in the walls of nutritive mesophyll cells allowed the contents of a nutritive cell in the process of breaking down to move to an adjacent cell that was in a more advanced stage of breakdown. Nuclear content ( Fig. 16 ) and cytoplasmic material (Fig. 17) were observed moving out of cells through small ruptures in the cell wall and plasmodesmata, respectively.
Ultrastructural changes were not restricted to the third leaf. Eight days after larval attack commenced, the sixth leaf, an internal leaf recently initiated by the shoot apical meristem and not fed upon directly by larvae, consisted of well-developed epidermal layers, with poor mesophyll development (Fig. 18) . On a control plant without larvae, a sixth leaf of similar size showed well-developed epidermal and mesophyll cells (Fig. 19) . 
Discussion
Our Þrst hypothesis, that Þrst instars of Hessian ßies use their highly specialized paired mandibles to attack plant cells, was supported by microscopy studies (Figs. 1Ð3) . Small punctures were found in the outer wall of an epidermal cell located on the abaxial surface of the leaf sheath. The size and spacing of the punctures correspond with those of the mandibles of the Þrst instars. Hatchett et al. (1990) and Grover (1995) also both found depressions or punctures in epidermal cells that they suggested had been made by Hessian ßy larvae. The punctures we observed are much smaller and have a different appearance than those observed by these investigators.
It should be noted that these small punctures were very difÞcult to Þnd, even when using scanning electron microscopy and large numbers of larvae per plant. It is possible that each Hessian ßy larva only punctures a small number of epidermal cells. Alternatively, once a puncture is made by a larva, the cell wall may be repaired by the addition of new cellulosic materials, leaving little or no trace of larval attack. Other scientists studying cecidomyiid larva feeding on plants also have found small punctures in epidermal cells (Rohfritsch and Shorthouse 1982; Rohfritsch 1990 Rohfritsch , 1999 Ollerstam et al. 2002) .
What does the Hessian ßy larva do after puncturing the cell wall with its mandibles? It has been proposed that products of various genes, including products of avirulence (avr) genes, are secreted onto and/or into epidermal cells (reviewed in Harris et al. 2003) . During the compatible interaction, these various factors presumably all beneÞt the larva. One possible source of Hessian ßy factors is the large salivary glands of the Þrst instar (Stuart and Hatchett 1987) . Some Hessian ßy genes encoding secreted salivary gland proteins (SSGPs) are expressed exclusively or predominantly in the salivary glands of the Þrst instar .
More is known about factors secreted by pathogens that attack plants (Luderer and Joosten 2001) . Here, factors necessary for the pathogenÕs survival and ability to induce plant disease and factors determining the degree to which disease is caused are distinguished and referred to as pathogenicity factors and virulence factors, respectively (Agrios 1997) . Common targets of pathogenicity and virulence factors are the plantÕs developmental and defense pathways. Biotrophic pathogens that are entirely dependent on living plant tissue produce factors to suppress cell death (Panstruga 2003) . Fungal pathogens produce peptides that suppress cell wall-associated defenses that depend on communication between the cell wall and the cytoplasm (Mellersch and Heath 2001) . Finally, there is evidence that some of the pathogenicity or virulence genes that contribute to pathogen success on a susceptible plant also contribute to pathogen failure on a R gene-defended plant and therefore behave as aviru- lence (avr) genes in this context (Heath 2000) . Recently, a handful of pathogen factors have been characterized (Chang et al. 2004) .
In addition to paired punctures in the outer cell wall, we also found irregularly shaped ruptures of the cell wall (Figs. 3 and 4) . These ruptures might result directly from Hessian ßy attack with the mandibles or indirectly via larval-triggered events occurring inside the attacked cell. Events associated with early larval attack included nuclear breakdown, cytoplasmic organelle degradation, and an increase in the number and size of vacuoles (Fig. 7) . These cellular events were observed not only in epidermal cells that had an obvious rupture in the outer cell wall but also in adjacent epidermal cells without any apparent rupture (Fig. 8) as well as adjacent mesophyll cells. These early changes inside cells could represent a manipulation of the cell that beneÞts the Hessian ßy larva or some combination of larval manipulation and a low level of plant defense that ultimately is not enough to stop the larva, i.e., basal defense (Nimchuk et al. 2003) .
For the Hessian ßy larva, a probable beneÞt of cell wall ruptures is access to food during the early stages of attack. Intact membrane-bound organelles spill through ruptures in the outer cell wall and onto the surface of the third leaf, where the larva sits (Figs. 8  and 9 ) and presumably can be consumed. After 1 d at the base of the plant, larvae on the susceptible wheat genotype Newton were Ϸ10% bigger than larvae on three different R gene-defended wheat genotypes (Harris et al. 2005) . One explanation for this result is that larvae on Newton feed during the Þrst day, whereas larvae on resistant wheat genotypes do not. (Fig. 6) .
Food from ruptured cells probably mixes with larval secretions before being ingested. Larvae of plantfeeding cecidomyiid species are known for their reduced and simpliÞed digestive system that allows for extra-intestinal digestion (Mamaev 1975 , Roskam 1992 . Lytic enzymes are present in the cecidomyiid midgut via holocriny (Mamaev 1975) , which is the movement of an enzyme into the lumen of the gut through the breakdown of the parent cell (Gordh and Headrick 2001) . Enzymes of the midgut, along with salivary secretions, are regurgitated onto the food substrate. Plant food components break down, and the larva consumes soluble proteins and sugars in a liquid form.
Our second hypothesis, that attack of the third leaf by virulent Hessian ßy larvae is associated with the creation of a nutritive tissue at the base of that leaf, came from studies of other cecidomyiid larvae (Rohfritsch 1992 , Bronner 1992 . Cecidomyiid species that feed on plants are commonly referred to as gall midges. Larvae of gall midges typically induce a macroscopic gall structure that covers the feeding insect, forming a shelter. More signiÞcantly, larvae of gall midges induce a novel tissue at their feeding site within the macroscopic covering gall. This tissue is termed nutritive tissue and provides the gall-forming larva with a diet rich in soluble proteins and sugars. Many other organisms induce nutritive tissues in their host plants (Mani 1992) , including other insects, (e.g., cynipid gall wasps and hemipterans), mites, nematodes, fungi, bacteria, and viruses. For nematodes, nutritive cells are referred to as food cells (Hussey et al. 1992) .
Our microscopy studies showed that the Hessian ßy induces a nutritive tissue in the susceptible wheat Newton. The Hessian ßy does not produce a classical covering gall but is already sheltered by feeding at the base of the plant, between the leaf sheaths. Cells of the Hessian ßy nutritive tissue have features typical of cecidomyiid nutritive cells (Bronner 1992 , Rohfritsch 1992 ) such as exceptionally large nuclei, increased numbers of mitochondria and Golgi, a greater volume of rough endoplasmic reticulum, and modiÞed cell walls (Figs. 10 Ð12) . It is not known how the Hessian ßy or any other gall-forming insect manipulates the physiology of the plant, reprogramming cells within the tissue to become nutritive rather than continuing their normal development (Rohfritsch and Shorthouse 1982) . Cynipid gall-makers seem to exploit an already existing plant developmental pathway (Harper et al. 2004 ). The plant uses this pathway to induce nutritive cells in a limited number of locations (e.g., seeds) to beneÞt its own reproduction. The gall-maker then exploits this pathway to induce nutritive tissue in a different location.
Our third hypothesis was that Hessian ßy larvae can harvest cells in the nutritive tissue by sucking because plant cell contents break down and move from cell to cell through cell walls. Breakdown of nutritive cells was seen soon after nutritive tissue was Þrst observed and is characterized by the following: invagination or folding of the nuclear membrane before its rupture (Figs. 10 and 13) , loss of organelleÐmembrane continuity, and coalescence of small scattered vacuoles (Fig. 13) . Once cell contents started to break down, the contents of the nutritive cell moved into an adjacent nutritive cell that had a more complete breakdown and loss of cytoplasm. In such cases, the nucleus (Fig. 16) and cytoplasm (Fig. 17 ) of a nutritive cell were observed in the process of moving into an adjacent cell via a small-ruptured section of the cell wall or possibly via enlarged plasmodesmata. In the developing endosperm of wheat seeds, nuclei and cytoplasm migrate from one cell to another through modiÞed and enlarged plasmodesmatal channels (Zhang et al. 1990) .
Plasmodesmata are cytoplasmic channels that connect plant cells and allow movement of nutrients and signals necessary for plant growth and development (Cilia and Jackson 2004) . Plasmodesmata exist in a dilated conÞguration in sink tissues that import photoassimilates (Baluska et al. 2001) . Alterations in the structure of plasmodesmata also have been found in clover and tomato root cortical cells successfully parasitized by nematodes (Hussey et al. 1992) . Plasmodesmal microchannels become enlarged and eventually the central desmotubule disappears. Desmotubules are proteinaceous rods that connect the endoplasmic reticulum of adjacent cells and are thought to be important in the regulation of cell permeability (Cilia and Jackson 2004) . Plasmodesmata also are enlarged in a transient and nondestructive manner by viral movement proteins that enable cell-to-cell movement of viral genomes (Nelson and Citovsky 2005) .
Scientists studying cecidomyiid galls have long wondered how larvae harvest food from the nutritive tissue (Bronner 1992) . Many cytological studies have shown that nutritive cells are not destroyed by cecidomyiid larvae. Heath (1961) suggested that cecidomyiid larvae feed on liquid plant food that moves through plant cell walls. Bronner (1992) observed that, if this was correct, attack by cecidomyiid larvae must result in changes in the permeability of plant cell walls. This idea is supported by our observations of changes in cell wall morphology (Figs. 15Ð17) as well as the Þnding that a wheat gene that encodes a putative membrane-embedded pore-forming protein is upregulated during compatible interactions between Hessian ßy and wheat (Puthoff et al. 2005) .
It is unclear whether the movement of plant cell contents from one cell to another occurs solely because of high turgor pressure in the nutritive cell compared with the adjacent already-emptied cell and/or whether the larva is actively pulling cytoplasmic material out of the plant. A study by Refai et al. (1956) suggested that Hessian ßy larvae play an active role in moving nutrients out of plant cells. In their study, primitive acoustic devices recorded intermittent sucking noises while larval head movements were Þlmed. Before each period of sucking, the anterior part of the larvaÕs body made complete contact with the plant surface, forming a cup-like structure around the mouthparts.
The breakdown of nutritive cells has been observed for a number of gall-forming insects (Bronner 1992 , Rohfritsch 1992 . In cynipid gall-formers, breakdown of cells in the uppermost layer of the nutritive tissue could result from mechanical slashing by larval mouthparts. However, the mandibles of cynipid larvae are considerably larger than those of cecidomyiid larvae. Another possibility is that gall-forming larvae secrete proteases and inject these proteases into cells (Bronner 1992) . Such proteases could cause the breakdown of the binding membranes of lysosomes, with the subsequent release of lysosomal hydrolases triggering the breakdown of the cytoplasm and nucleus. Although cynipid larvae secrete proteases from their salivary glands or Malpighian system, cecidomyiid larvae do not (Bronner 1992) .
Our fourth hypothesis addressed the effects of Hessian ßy attack on the growth of leaves that are in earlier stages of development than the leaf directly attacked by larvae. Typically in a susceptible wheat seedling, the leaf directly attacked by the majority of larvae, i.e., the third leaf, is still growing and, as a result of larval attack, suffers growth deÞcits of up to 7 cm (Harris et al. 2006; K.G.A. and M.O.H., unpublished data) . The fourth leaf suffers an even greater deÞcit in growth, and the Þfth and sixth leaves suffer such severe deÞcits that they typically do not emerge from within the leaf sheath of older leaves. Our microscopy studies showed that 8 d after larval attack commenced, the sixth leaf showed abnormal ultrastructure (Fig. 18) . The two epidermal layers seemed normal, but the mesophyll consisted of only one or two poorly developed cell layers.
Virulent Hessian ßy larvae may affect the development of the sixth leaf of the plant via direct or indirect effects (Buchanan et al. 2000) . Direct effects may come from larval manipulation of plant growth regulators. Indirect effects may result from a simple change in nutrient ßux imposed by the demands of the larvalinduced sink tissue. The nutritive tissues of cynipid and cecidomyiid galls are known as strong sink tissues, with photoassimilates drawn from other parts of the plant via a well-developed vascular system (Bronner 1992) .
Many questions about the compatible interaction between Hessian ßy larvae and wheat remain unanswered. Do the mandibles of the larva only puncture the cell wall, perhaps contacting the outer surface of the plasma membrane, or do they pierce through the cell wall and plasma membrane, coming in direct contact with the cytoplasm and delivering secretions to the inside of the cell? How do larval actions and factors cause the development of the nutritive tissue? At what distance from larval punctures are various effects seen in plant cells? Unfortunately, unlike the hardened sheath (of parasite or plant origin) that forms around the stylets of aphids (Walling 2000) and nematodes (Hussey et al. 1992) or the penetration pegs or haustorium of fungi (Agrios 1997) , the mandibles of Hessian ßy larvae do not remain anchored in the cell wall. Using SEM, we can look for a cell with paired punctures in the outer wall (0.1 m in diameter) or scars remaining from punctures but we cannot examine the contents of this attacked cell. Using TEM, we can examine the contents of a cell punctured by mandibles but Þnding such a cell is difÞcult. Williams (1975) calculated that a developing wheat leaf only 0.68 mm in length has a complement of 14,000 cells, whereas a mature leaf has 3.4 million cells. The extremely thin sections used for transmission electron microscopy (600 Ð 800 Å in thickness) mean that thousands of sections can be taken from a single host plant cell.
We also would like to know which zone of cells becomes nutritive. Is it the zone of cells that are Þrst attacked? During the Þrst 1Ð3 d of the compatible interaction, the growth of the third leaf is slowed but not entirely stopped (K.G.A. and M.O.H., unpublished data). Thus, if the larva stayed with the Þrst cells to be attacked, we would expect the larva to move with these cells away from the plant base as the leaf continues to grow. Yet, 2 to 3 d after initial attack, when the nutritive tissue is present, Hessian ßy larvae are again found at the base of the third leaf. Because of this, it seems possible that, during the Þrst 1 to 2 d of the interaction, the larva attacks multiple cells as it slowly moves down the leaf sheath. After each attack, the larva stops to consume the small amounts of food released from each nonenriched cell. On the second or third day of the interaction, when the larva eventually attacks cells of the enriched nutritive tissue, it settles permanently. By this time, the third leaf has stopped growing. If this scenario is correct, it means that a signal moves from the cells Þrst attacked by larvae to the cells that become nutritive.
Our Þnding of a nutritive tissue for the Hessian ßy places this insect in the company of other relatively sedentary plant parasites that manipulate the physiology of host plant cells to beneÞt their own growth and propagation. The rice gall midge, another cecidomyiid pest, attacks at the base of the rice plant and induces a gall . Two aphids that attack wheat and other grasses, i.e., the greenbug and the Russian wheat aphid, manipulate host plants to improve the amino acid composition of their diet (Sandstrom et al. 2000) . Cyst and root-knot nematodes trigger developmental and morphological changes in host cells and then feed on these dramatically modiÞed food cells, becoming sedentary soon after feeding begins (Williamson 1999) . Biotrophic fungi manipulate the plant in at least two ways, altering the hormonal balance of the plant to keep host cells alive while they complete their life cycle and triggering the accumulation of photoassimilates and inorganic nutrients at attack sites (Agrios 1997) .
It is interesting that all of these plantÐparasite interactions include examples of R gene-mediated plant defense (Agrios 1997 , Williamson 1999 , Berzonsky et al. 2003 . In these interactions, R gene-mediated recognition of the parasiteÕs presence may be particularly effective because it allows the plant to subvert one of the Þrst steps leading to successful manipulation by the parasite. Once the parasite has gained control over the plant or some part of the plant, the plant may be incapable of an effective defense (Panstruga 2003 ). An example of this is seen in sawßy-induced galls on willow leaves (Nyman and Julkunen-Tiitto 2000) . Concentrations of many defen-sive phenolics are substantially lower in the interior of the gall where the sawßy nutritive tissue is located.
